INTRODUCTION
The work described in this paper was performed to assist in resolving an industrial problem formulated by members of the ASME Research Committee on In dustrial and Municipal Wastes, the ASME Perform ance Test Code Committee (PTC-33) on Large Incinerators, and the ASTM Committee (E-38) on Re source Recovery. At present, the calorific value of mu nicipal solid waste (MSW) is determined at commercial 449 M. L. REILLY
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Gaithersburg, Maryland test laboratories by bomb calorimetry. The procedure uses gram-size samples of highly processed waste. The method is in dispute because many combustion engi neers believe that one cannot accurately sample a mul titon quantity of MSW down to 1-2g (0.035 to 0.07 oz) and obtain a representative test sample. Gram-size samples are prepared from the bulk MSW by sepa ration and milling techniques to provide a pulverized test sample of approximately 2 mm (0.08 in) or less particle size. Some combustion engineers feel that this processing may significantly alter the composition of the test sample and, hence, the calorific value. This might occur because of changes in composition due to excessive local heating associated with some milling operations or due to sampling and handling of a ma terial which is inhomogeneous and segregates easily.
To resolve the dispute about the validity of the cur rent method of determining the calorific value of MSW, two problems were addressed. The first was the sam pling problem: How does one obtain a representative gram-size sample from a kilogram-size quantity of processed MSW? The second was the processing prob lem: Does processing MSW down to 2 mm (0.08 in) particle size alter its calorific value significantly?
To address these problems, the National Bureau of Standards (NBS) initiated a research program in col laboration with the U.S. Department of Energy to develop test procedures for accurately determining the calorific values of refuse and refuse-derived fuels (RDF). This research was also part of the NBS re sponse to the Resource Conservation and Recovery Act of 1976. Subtitle E of this legislation mandated NBS to provide guidelines for the development of spec ifications for classification of materials destined for disposal.
To test the validity of the bomb calorimetric pro cedure, a 2.S kg (S Ib) capacity combustion flow cal orimeter was designed and constructed in order to determine the enthalpy of combustion of kilogram-size samples of both processed and unprocessed MSW in fl owing oxygen near atmospheric pressure. Details of the design and construction of the calorimeter are given in Ref. [1] . In the following discussion we summarize the measurement protocol in Sample Preparation and Measurement Protocol, the results in Experimental Re sults, and conclusions in Discussion and Conclusions.
SAMPLE PREPARATION AND MEASUREMENT PROTOCOL
Both the sampling and processing problems were examined in context of the variability of MSW for 2 weeks, a time period appropriate to a specifi cation test of an incinerator-boiler system. Thirteen to 23 kg (6-10 Ib) of unprocessed MSW were obtained on each of ten consecutive working days (S days/week for a 2 week period from January 10 to 21, 1983) from the Baltimore County Resource Recovery Facility in Cockeysville, Maryland. Each sample was removed from the conveyor belt immediately beyond the pri mary shredder before any further processing occurred. (The nominal particle size was such that 9S mass % passed through a IS cm (6 in.) mesh screen.) The material was brought to NBS each day, weighed, dried in an oven for 12 hr at 1OsoC (221°F), and then re weighed to determine its initial moisture content. The material was stored at SoC (41°F) until used.
The processing problem could be studied best by comparing the calorifi c value of identical pairs of kil ogram-size samples of dried unprocessed and processed MSW. We attempted to prepare such identical kilo gram-size samples by sorting each day's material into eight categories and then reconstituting the material into 2.S kg (S Ib) samples having the same relative mass composition as the whole. Each sample was placed in a separate plastic bag and then again stored at SoC (41°F) until used.
The material was hand sorted into metal, combus tible, and noncombustible fractions. Metals were then 4S0 separated into magnetic and nonmagnetic components. The combustible fraction was separated into wood/ vegetable matter, textiles, plastics, and paper. The non combustible fraction was divided into glass/ceramics and "fines" (primarily grit and sand). Four of the 10 day's material were selected for our study: days 6 and 9, which had the largest and smallest noncombustible content, respectively, and days 4 and 7, which had intermediate noncombustible contents. A summary of the results of hand sorting plus the initial moisture content for these four days is given in Table 1 . The compositions according to main groups are given in lines 10 through 12. In preparing the reconstituted samples, the metals were omitted. The combustible and noncombustible compositions of the reconstituted sam ples actually burned in the flow and bomb calorimeters are listed in the last two rows. All experimental mea surements were made on reconstituted samples. Processed MSW consists of a low density compo nent, fluff, which resembles chopped up cotton fibers, and a high density component which resembles sand or metal particles. Some high density material is en trained in the fl uff; this entrainment is not uniform. Sampling problems arise because of segregation of the high and low density components. The sampling tech nique used in the first NBS study [2] of the variability of MSW consisted of blending (in drums filled with steel balls), of coning and quartering, and of taking gram-size grab samples. This method was found to be unsatisfactory .
For this study, we introduced a new technique for obtaining gram-size test samples from the processed [2 mm (0.08 in) particle size] material. A rotary rimer, a Brinkmann Co. Sample Divider PTZ, a was used. It consists of a central cup from whose bottom surface eight tubes extend outward and downward to collector bottles. The cup, tubes, and bottles rotate around the central vertical axis of the cup. The sample is intro duced into the divider through a funnel feeding a hor izontal vibrating trough which teases the sample into the divider cup.
An initial assessment of the new sample division technique showed this method to be superior to the coning and quartering procedure used in the earlier variability study [2] . This conclusion is confirmed by the results to be cited in Experimental Results. .
The measurement protocol adopted for our study is summarized in Table 2 . Four bags, labeled A through D, of the reconstituted kilogram-size samples of un processed MSW were selected from each of the 4 days. The contents of two of the bags, designated A and B, were burned in the large flow calorimeter (Step 2C, Table 2 ) without further processing to reduce the par ticle size. The samples were weighed before and after drying to determine the residual moisture (Step 2A). A known amount of water was added to each of the samples before they were compacted to form pellets (Steps 2B or 4A). The water was added to improve the cohesion of the pellet. All kilogram-size pellets of MSW were prepared by placing the sample in a 22 cm (8.7 in) diameter die piece and compressing it with a total force of 534 kN (120,000 lbf ). Flow calorimeter measurements on A and B will characterize unpro cessed MSW.
The contents of the remaining two bags, designated C and D, were independently processed to 6 mm (0.25 in) sieve size using a Williams Hammer Mill and then to 2 mm (0.08 in) sieve size using a Wiley Mill (Step 3A). Powdered dry ice was mixed with the material in the throat of the Wiley Mill to prevent excessive local heating. Gram-size test samples were then ob tained from the milled material of bag C and bag D using the rotary rimer (Step 3B). The gram-size sam ples C and D will be used to characterize processed . MSW by the conventional bomb calorimetric meaa The commercial sources cited in this paper are included to ade quately describe the experimental procedures. Such identifi cation does not imply recommendation or endorsement by the National Bureau of Standards. surements. In
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Step 3C, the remainder of each bag was divided into two equal parts. In
Step 3D, one part of bag C and one part of bag D were combined to form the sample of bag E and the process was repeated to produce an identical bag E'. Flow calorimeter mea surements on E and E' will characterize kilogram-size samples of processed MSW and will be compared with the bomb calorimeter measurements on gram-size sam ples of processed MSW. This will be done by com paring the E and E' results with the weighted mean of the measurements on C and D. The weighting fac tors are the mass fractions of C and Di nE or E'. Individual measurements made in both the bomb and the flow calorimeter were carried out in a random order.
It should be noted that the sample labels C and D refer to the gram-size test samples withdrawn from bags C and D, respectively, before step 3C in which the remainder of bags C and D were split and recom bined to obtain bags E and E' (Step 3D). Having pre pared identical gram-size samples in Step 3B, we prepared identical kilogram-size samples in Step 3D. Hence, differences in the enthalpy of combustion of each pair of E and E' samples for a given day afford a direct measure of the measurement precision of the 2.5 kg (5 lb) capacity flow calorimeter on an actual sample of MSW (as distinct from a sample of pure cellulose which does not contain noncombustible com ponents). While labels E, E', A and B refer to kilogram size samples, the samples of bags E and E' differ from
are essentially exact replicates while those in bags A and B are only approximately identical (i.e., to the extent that hand sorting into the general clas sifi cations given in Table 1 permits). The flow calorim eter measurements on the kilogram-size bags A and B of unprocessed MSW will be compared with measure ments on bags E and E' of processed MSW.
EXPERIMENTAL RESULTS
The Sampling Problem-Combustion Bomb
Calorimetry
The gram-size test sample results consist of duplicate measurements for each bag (two bags for each day) of the enthalpy of combustion (ASTM Method E711-81). Bomb ash (dried residue from a combustion bomb experiment) and furnace ash (ASTM Method E830-81) measurements were also made. All results were converted to a dry basis using moisture contents ob tained with ASTM Method E790-81. In the furnace ash test, the sample is combusted in air in a furnace at 575°C (1070"F) for 2 hr. Table 3 summarizes the statistical analysis of the results; the procedures used are summarized in refer ences [3] and [4] . The percent coefficient of variation, %CVb, for the within-bag, between-bags (within day), and between-day variability is calculated for furnace ash, bomb ash and calorific values. HHV2 and HHV3 are the negative of the enthalpy of combustion on a dry and a dry, ash-free basis, respectively. HHV3-B refers to the use of the bomb ash value in the calcu lations; HHV3-F refers to the use of the furnace ash value in the calculations. For sake of comparison, the corresponding results for the 1980 variability study, in which the sample division was done by coning and quartering, are given in the lower half of Table 3 . The total %CV in column 6 is the square root of the sum in quadrature of the %CV's given in the preceding three columns.
In this work, the within-bag %CV, which corre sponds to the combined measurement error and sam pling variability for gram-size samples, is substantially less for all properties than in the prior variability study [2] . The small value for the HHV2 within-bag %CV and its close agreement with the within-bag values for HHV3-B and HHV3-F indicates that the new sample division procedure has reduced our sampling error for
• 100 X (s / average of the property being measured), where s is the standard deviation of a single measurement. gram-size samples to less than 0.8%. The between-bag (within day) %CV for HHV2, 2.0%, suggests that the extra error introduced in failing to prepare equivalent bags C and D for each day by hand sorting and re combination is somewhat larger in size than the com bined measurement and within-bag sampling error.
The Sampling Problem-Flow Calorimetry
The flow and bomb results on processed MSW are given in Table 4 . The first four rows show the average difference and imprecisionc of the paired differences for values of flow ash minus furnace ash, and flow minus bomb values for ash, HHV2 and HHV3. Furnace ash, bomb ash, bomb HHV2, bomb HHV3 are calculated from the averages of the gram-size test measurements on C and D weighted by the amounts of sample from bags C and D which form the flow calorimeter samples E and E'.
The first two rows of Table 4 show that the average flow ash is 2.7 ± 1.5% greater than the average bomb ash and 2.5 ± 1.9% smaller than the average furnace ash. These differences are consistent with the relation- ship between the combustion zone temperatures (Le., bomb > flow > furnace). They are also consistent with the observed variation in the amount of furnace ash formed as a function of furnace temperature [5] .
The average differences of the flow minus bomb values for HHV2, given in row 3, is -0.1 ± 1.1 % of the average HHV2 fl ow value. This difference is not statistically different from zero as the 95% confi dence interval is from -1.2 to + 1.0%. The average differ ence of the flow minus bomb values for HHV3 is +0.9 ± 0.8% of the average HHV3 flow value. The differ ence is statistically different from zero as the 95% confi dence interval is from + 0.1 to + 1.7%. However, the interval misses zero by such a small amount that we do not regard the non-overlap to be practically important.
The average difference of the flow minus bomb val ues for HHV2, -0.1 %, completes the evidence for the conclusion, drawn in the previous section, that the new sample division technique provides representative gram-size test samples. The results of this section show that, within the imprecision of measurement, ± 1.1 %, HHV2 is the same for the kilogram-size parent and the gram-size test samples; the results of the previous section showed that gram-size test samples from the same bag were practically the same.
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The measurement errors given in the fi fth through seventh rows of Table 4 are obtained from the analysis of the flow ash, HHV2, and HHV3 using paired dif ferences from replicate samples E and E' for each day. Between-day variability was computed in the usual manner [4] . The precision of a calorimetric measure ment on kilogram-size samples of dry, processed MSW (0.4 and 0.5%) are comparable in magnitude to those on dry cellulose (0.3% -as obtained on auxiliary mea surements on pure cellulose). The small measurement errors shown in rows 5 through 7 show that E and E' are indeed replicate samples.
The Processing Problem-Flow Calorimetry
An analysis of the data on kilogram-size samples of unprocessed and processed MSW is given in Table 5 .
Average difference values and imprecisions in the dif ferences of the unprocessed minus processed values for ash, HHV2, and HHV3 are given in the first three rows of Table 5 . All differences have 95% confidence intervals that overlap zero and, thus, are not signifi cantly different from zero. The average effect of proc essing kilogram-size samples of unprocessed MSW is such as to increase HHV2 by 0.5% and leave HHV3 unchanged. The 95% confidence intervals for the HHV2 difference, -3.4 to +2.4%, and the HHV3 difference, -2.0 to +2.0%, are larger than those for the corresponding differences of the flow minus bomb values given in Table 4 because hand sorting and re constituting, as we carried it out, did not produce completely identical bags.
The between-bags (within day) and between-day components of variability of the data for unprocessed samples are given in rows four to six of Table 5 . The between-bags (within day) %CV for HHV2 and HHV3 are in general agreement with the corresponding bomb values listed in Table 3 .
SUMMARY OF STATISTICAL RESULTS
(a) The new rotary rifHer sample division technique used in this study provided gram-size test samples, from the same kilogram-size parent sample, that have a %CV for a single measurement of 0.5% for the enthalpy of combustion (-HHV2, on a dry basis). This technique is clearly superior to the coning and quartering used in our previous study [2] where the corresponding %CV was 3.2% (See Table 3 .).
(b) The new rotary rimer sample division technique provided gram-size test samples from kilogram-size samples of processed MSW which have the same av- erage enthalpy of combustion (on a dry basis) as the kilogram-size parent sample to within 0.1 ± 1.1 %.
(See Table 4 , line 3.) (c) Processing of kilogram-size samples of MSW having a sieve size of minus 15 cm (6 in) down to a 2 mm (0.08 in) sieve size alters the enthalpy of com bustion of the material (on a dry basis) by less than 0.5 ± 2.9%. The main contribution to this 2.9% im precision is the variability in the supposed identical samples prepared by hand sorting. (See Table 5 .) (d) Kilogram-size samples of dried unprocessed MSW having the same enthalpy of combustion (on a dry basis) to about ± 2% can be prepared by matching the relative mass compositions according to the fol lowing categories of: textiles, plastics, wood/vegetable matter, paper, glass/ceramics, and "fines" (residual grit and sand) (See Table 5 , row 6, between-bag %CV.).
DISCUSSION AND CONCLUSIONS
Our results show that processing from 15 cm (6 in) to 2 mm (0.08 in) particle size does not alter the ca lorifi c value of the MSW within the imprecision of our experiments. The average of the unprocessed minus processed difference in the calorific value on a dry basis is -0.5% and on a dry, ash-free basis is 0.0% of the 454 corresponding mean calorific value. The imprecisions in these differences are 2.9% on a dry basis, and 2.0% on a dry, ash-free basis of the corresponding mean calorific value. Most of the imprecision is due to the fact that completely identical pairs of samples were not prepared by our hand sorting and reconstituting of unprocessed MSW. An important qualification is that excessive local heating of the unprocessed MSW during milling was avoided. In our case, powdered dry ice was added to the sample as it was fed to a Wiley Mill in the final step of processing.
In regard to the kilogram-to-gram sampling prob lem, our results show that it is possible to obtain gram size test samples that have the same calorific value as the kilogram parent of processed MSW if one uses the sample division technique described in this work. We show that gram-size test samples taken from a single parent kilogram-size processed MSW sample have the same calorific value as the parent within the impre cision of our experiments. The average difference of the parent minus gram-size sample calorific values is -0.1 % on a dry basis and +0.9% on a dry, ash-free basis of the corresponding mean calorific value. The imprecisions of the differences are 1.1 % on a dry basis and 0.8% on a dry, ash-free basis of the corresponding mean calorific values.
The new sample division technique was successful because it is insensitive to the effects of sample seg regation, whereas our earlier coning and quartering method was not. Because the technique employed in this study is time consuming, it is recommended only as a reference procedure. An apparatus with more rapid throughput is needed for routine testing. We definitely do not recommend coning and quartering plus taking of grab samples as a technique for the preparation of gram-size test samples of processed MSW. However, it can be used if a within-bag %CV in the calorific value (on a dry basis) of 3% or more is tolerable.
In summary, this work shows that if 2.5 kg (5 Ib) increments are collected to characterize the calorific value of a MSW stream, each increment can be proc essed and then be sampled using the sample division technique cited here to obtain representative gram-size test samples. Combiningd the results on the processing to small particle size (see Table 5 ) and the kilogram- Table 4 ), we show that the av erage difference in the calorific values of the minimally processed kilogram-size sample minus the processed gram-size sample is -0.6% on a dry basis and +0.9% on a dry, ash-free basis of the corresponding mean calorifi c values. The imprecisions in these values are 3.1% on a dry basis and 2.2% on a dry, ash-free basis of the mean calorifi c values.
